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Styrylquinolines, Integrase Inhibitors Acting Prior to Integration:
a New Mechanism of Action for Anti-Integrase Agents
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We have previously shown that styrylquinolines (SQLs) are integrase inhibitors in vitro. They compete with
the long terminal repeat substrate for integrase. Here, we describe the cellular mode of action of these
molecules. We show that SQLs do not interfere with virus entry. In fact, concentrations of up to 20 times the
50% inhibitory concentration did not inhibit cell-to-cell fusion or affect the interaction between GP120 and CD4
in vitro. Moreover, the pseudotype of the retrovirus envelope did not affect drug activity. Quantitative reverse
transcription PCR experiments showed that SQLs do not inhibit the entry of the genomic RNA. In contrast,
the treatment of human immunodeficiency virus type 1-infected cells with SQLs reduced the amount of the late
cDNA, suggesting for the first time that integrase targeting molecules may affect the accumulation of DNA
during reverse transcription. The cellular target of SQLs was confirmed by the appearance of mutations in the
integrase gene when viruses were grown in the presence of increasing concentrations of SQLs. Finally, these
mutations led to SQL-resistant viruses when introduced into the wild-type sequence. In contrast, SQLs were
fully active against reverse transcriptase inhibitor- and diketo acid-resistant viruses, positioning SQLs as a
second group of anti-integrase compounds.

The use of human immunodeficiency virus type 1 (HIV-1)
inhibitors such as reverse transcriptase and protease inhibitors
has led to the emergence of resistant strains. This highlights
the necessity to develop new targeted drugs such as integrase
inhibitors.

Retroviral integration, the process that stably insert the
DNA copy of the viral genomic RNA into the host cell ge-
nome, is an essential step for productive infection (22, 26, 30,
43, 45).

The integration of HIV-1 cDNA is mediated by a complex
consisting of both viral and cellular proteins closely associated
with the viral DNA. This complex is known as the preintegra-
tion complex or PIC (6, 7, 10). Although the molecular orga-
nization and composition of the PIC remain to be clarified, the
integration of viral DNA is known to be catalyzed by integrase.
The integration process comprises three main steps: (i) 3� end
processing, involving the removal of a CA dinucleotide from
the 3� extremity of the U3 and U5 termini of the linear viral
genome (4, 28); (ii) strand transfer, in which both 3� ends of
the viral DNA, generated by the first reaction, are covalently
linked to host’s cellular DNA after importation to the nucleus
(21); and (iii) gap repair, where the 5� ends of the viral DNA
are trimmed and then ligated to the host cell DNA following
repair of gapped regions generated by the strand transfer re-
action (5, 20, 25, 41). Although gap repair is believed to be
carried out by cellular proteins (15, 35, 51), both 3� end pro-

cessing and strand transfer are primarily mediated by the viral
integrase (38).

Although the nonintegration roles of integrase during viral
replication are still unclear, mutations in the integrase se-
quence inhibit different HIV-1 replication steps. Interestingly,
some mutations have a particularly dramatically effect on re-
verse transcription (48). Integrase also promotes reverse tran-
scription through specific interactions (46). In fact, reverse
transcription is impaired in viruses lacking integrase or con-
taining mutations in the N-terminal domain (H12A or H16A
mutations destroying the zinc finger-like structure), in the C-
terminal domain (lacking the 22 amino acids at the C termi-
nus), or in the catalytic core (S81R and F185A for example),
but not in a catalytically inactive D116A mutant (31, 44, 50).

A new class of integration inhibitors containing a diketo acid
(DKA) moiety was recently described (23, 27). Acute infection
in the presence of such compounds (L-731988 and L-708906)
not only abolishes productive infection but also results in the
accumulation of large amounts of circular DNA forms that
cannot undergo integration, indicating that these compounds
affect viral DNA integration. In addition, mutations conferring
resistance to these drugs in cell culture have been located
within the integrase protein (T66I, S153Y, M154I, and/or
N155S).

Styrylquinolines (SQLs) are efficient in vitro integrase inhib-
itors that act both on 3� processing and strand transfer activi-
ties (52), probably interfering with long terminal repeat (LTR)/
integrase binding (37) through a competitive inhibition
mechanism (17).

We report here a new cellular mode of action for integrase
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inhibitors that compete for the LTR substrate in vitro. We
show that SQLs have antiviral activity against various resistant
strains and that they act on the early steps of the viral life cycle.
We demonstrate that these molecules do not interfere with
virus entry. Indeed, they inhibit neither the GP120/CD4 inter-
action in vitro nor membrane fusion. Moreover, changing the
viral envelope does not modify their activity. Finally, quanti-
tative PCR (Q-PCR) experiments showed that SQLs dramat-
ically diminish the amount of late cDNA without modulating
the initial amount of viral RNA. Integrase coding region mu-
tants selected by passaging in the presence of increasing SQL
concentrations were resistant to SQLs. This resistance was
confirmed with mutations that were genetically introduced into
the wild-type sequence. We suggest that these compounds are
integrase targeting inhibitors that act at one or several steps
prior to integration. Finally, SQLs are active against HIV mu-
tant strains that are resistant to DKAs and to reverse tran-
scriptase inhibitors (RTIs), positioning them as a new means of
anti-integrase therapy.

MATERIALS AND METHODS

Cells and viruses. HeLa, HeLa P4 (encoding a Tat-inducible beta-galactosi-
dase (9), HeLa 243 (encoding the recombinant HIV-1 transactivator Tat and Env
proteins), and 293T cells were grown in Dulbecco’s modified medium supple-
mented with 10% heat-inactivated fetal calf serum. MT4 and CEM4fx cells were
grown in RPMI medium supplemented with 10% heat-inactivated fetal calf
serum.

DKA-resistant virus strains were generated from the wild-type NL43 strain as
described by Hazuda et al. by directed mutagenesis (27). Viruses harboring T66I,
T66I-S153Y, or T66I-M154I were engineered.

To produce viral stocks, 293T cells were transfected with virus-encoding plas-
mids by the calcium phosphate method (2).

RTI-resistant strains were generated by use of a recombinant virus assay
essentially as described before (42). Briefly, 293T cells were cotransfected with
the linear plasmid encoding NL43 lacking reverse transcriptase (�RT NL43) and
with PCR products corresponding to the reverse transcriptase of primary viruses.
Cells were grown for 48 h, and the amount of virus produced was determined by
a P24 assay (NEN).

Pseudotyped viruses were produced by a recombinant virus assay. Briefly,
293T cells were cotransfected with a plasmid encoding �Env NL43 and a plasmid
encoding the viral envelope of vesicular stomatitis virus G (VSV-G), ampho-
tropic murine leukemia virus (AMLV), or HIV. Cells were grown for 72 h, and
the resulting viruses were used to infect P4 cells in the presence of increasing
drug concentrations.

IC50 determination. HeLa P4 cells were infected with viruses and grown in the
presence of increasing concentrations of drugs. After 72 h, the infectivity of
viruses was determined by measuring beta-galactosidase (�-Gal) production by
the chlorophenol red-�-D-galactopyranoside (CPRG) assay (24). The 50% in-
hibitory concentration (IC50) is the drug concentration at which 50% of �-Gal
production was inhibited compared to that by untreated infected cells. Cell
survival was also estimated by the use of a standard MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) assay (16).

GP120/CD4 interaction in vitro. Inhibition of the rGP120/CD4 interaction was
measured by a competitive enzyme-linked immunosorbent assay (ELISA) as
described previously (49). Briefly, 50 ng of the D7324 anti-GP120 antibody
(Aalto Bio Reagents, Dublin, Ireland) was used to coat each well of 96-well
plates overnight at 4°C, and 15 ng of GP120LAI/well was then added. This was
followed by the addition of 1 ng of full-length soluble CD4/well and different
concentrations of soluble competitors, the anti-CD4 monoclonal antibody
L120.3, a goat anti-mouse peroxidase-conjugated monoclonal antibody (Jackson
ImmunoResearch, West Grove, Pa.), and the 3,3�,5,5�-tetramethylbenzidine sub-
strate (Sigma) for revelation (at 450 nm). The following formula was used to
calculate the percent inhibition of CD4 binding: [(OD450 with no competitor �
OD450 with a competitor)/OD450 with no competitor] � 100, where OD450 is the
optical density at 450 nm. Results are means of triplicate experiments repeated
twice. CD4M9, a peptide mimicking CD4, was used as a positive control (49).

Cell-to-cell fusion assay. HeLa P4 cells that contain the integrated LTR–�-Gal
reporter gene (9) were incubated for 30 min in the presence or absence of SQL

inhibitors (106 cells/well in 24-well plates). An equal number of HeLa 243 cells
expressing Tat and Env were then added, and the concentration of inhibitors was
adjusted. The mixed cells were allowed to fuse (48 h at 37°C). The cells were
lysed, and transactivated-�-Gal activity was measured by a CPRG colorimetric
reaction.

Mutant selection and characterization. CEM4fx cells were infected with wild-
type NL43 virus in the presence of increasing concentrations of FZ41. In fact, the
selection of resistance to HIV-1 (NL43) to FZ41 was initiated at a low multi-
plicity of infection (0.01) in CEM4fx cells and at a drug concentration equal to
the IC50, as determined previously. Every 3 to 4 days, the CEM4fx cell culture
was monitored for viral production, as measured by p24 protein release. When
p24 production was observed, the cell-free culture supernatant was used to infect
fresh, uninfected CEM4fx cells in the presence of an equal or higher concentra-
tion of the compound. When no virus production was observed, the infected-cell
culture was subcultivated in the presence of the same concentration of the
compound. The compound concentration was gradually increased. Finally, a
selection (two passages) was done with 20 �M drug. RNAs derived from the
resistant virus population were extracted, and the integrase-containing fragment
was subjected to reverse transcription-PCR (RT-PCR) analysis. These cDNAs
were sequenced, and the identified mutations were introduced into NL43 virus
by site-directed mutagenesis. Integrated HIV-1 DNAs derived from cells in-
fected with the resistant virus population were extracted, and the integrase-
containing fragment was subjected to PCR analysis. These cDNAs were
sequenced, and the identified mutations were introduced into NL43 virus by
site-directed mutagenesis.

Viruses fitness. Two days before the infection, 8,000 HeLa P4 cells were
inoculated into each well of 96-well plates. Cells were infected with 5 ng of p24
per well, and supernatant was harvested every day from day 3 to day 7 postin-
fection. Viral production was evaluated by measuring the level of p24 antigen in
culture supernatant by ELISA (Perkin-Elmer Life Sciences).

Quantitative PCR experiments. HeLa cells were transfected with pNL43-
encoding wild-type HIV-1 by the calcium phosphate method and grown for 72 h.
The supernatant was treated with DNase to remove untransfected plasmid DNA.

To quantify total RNA, HeLa P4 cells were infected with wild-type NL43 in
the presence or absence of FZ41 (20 �M) or dextran sulfate (8 �g/ml). After 2 h,
RNAs were extracted and used for quantitative RT-PCR experiments. The
reverse transcription step was done with a poly(T)12-18 oligonucleotide as the
primer, and the amount of cDNA was measured with ARNV� (5�-CTGTACT
GGGTCTCTCTGGTTAGA-3�) and ARNVA2� (5�-TTTTTTTTTTTTTGAG
CACTC-3�) as the primers and ARN SONDE (5�-6-carboxyfluorescein [FAM]-
TCTGGCTAACTAGGGAACCCACTGCTTAA-6-carboxy tetramethylrhoda
mine [TAMRA]-3�) as the Q-PCR probe.

To quantify total cDNA, 0.2 � 106 HeLa P4 cells were placed in each well of
a six-well plate 24 h before infection and pretreated with 25 �M drug overnight
or not pretreated. Cells were washed with phosphate-buffered saline (PBS) and
infected with 100 ng of DNase-treated P24 viral stock in the presence or absence
of drugs (25 �M). Cells were spinoculated for 2 h at 2,500 rpm at 4°C. The viral
supernatant was then replaced by drug-containing (or not) fresh medium, and
cells were grown for 5 h at 37°C. Cells were washed twice with PBS and treated
with trypsin. DNA was then extracted with the QIAamp DNA blood minikit
(Qiagen).

The amount of cDNA present at the end of RT was determined in an ABI7000
thermocycler (Perkin-Elmer) with gag� (5�-GCGAAAGTAAAGCCAGAGGA
GAT-3�) and gag� (5�-TTTTGGCGTACTCACCAGTCG-3�) as the amplifica-
tion primers and gag-sonde (5�-FAM-CTCGACGCAGGACTCGGTTGCT-TA
MRA-3�) as the Q-PCR probe.

To quantify integrated DNA, MT4 cells were infected with DNase-treated
viral supernatant for 2 h and then washed twice with PBS. Cells were grown for
3 days in the presence or absence of drugs. Total DNA was extracted using the
QIAamp DNA blood minikit (Qiagen). Integrated DNA was then measured by
Alu-LTR Q-PCR essentially as described above with MH535 (5�-ACTAGGGA
ACCCACTGCTTAAG-3�) and SB704 (5�-GCTGGGATTACAGGCGTGAG-
3�) as the PCR primers and LTR-sonde (5�-FAM-CGGGCACACACTACTTG
AAGCACTC-TAMRA-3�) as the Q-PCR probe.

RESULTS

SQLs are HIV-1 inhibitors that are weakly cytotoxic. We
first tested the antiviral activity of SQLs on the laboratory HIV
strain NL43. HeLa P4 cells are HeLa derivatives that express
the CD4 membrane receptor and carry the �-Gal gene under
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the transcriptional control of the HIV-1 LTR. When cells are
infected with HIV, the production of Tat results in the trans-
activation of the reporter gene. �-Gal activity can then be
measured by a colorimetric reaction with CPRG as the sub-
strate. In this test, FZ41 (Fig. 1) was as active as the DKA
L-731988, with an IC50 of between 1 and 4 �M in HeLa P4
CD4� cells (Fig. 2). When using lymphoid CEM4fx cells, the
IC50 was about 5 to 10 �M (data not shown). In HeLa and
CEM4fx cells, SQL was less cytotoxic than DKA, as the 50%
effective concentration was about 300 �M for FZ41 and nearly
100 �M for L-731988, giving a potential therapeutic index of
over 250 for FZ41.

SQLs are active even when added after infection. We exam-
ined the mode of action of our compounds by a time-of-addi-
tion experiment (Fig. 3). Cells were either treated with drugs
14 h before the onset of infection, at the time when infection
was initiated (time zero), or after the initiation of infection.
Early inhibitors that do not inhibit entry are active when added
after infection (entry of the virus) but before the late replica-
tion steps of the virus (i.e., before or during integration, which
is believed to occur about 12 to 24 h after infection onset).

Zidovudine (AZT) and nevirapine were used as controls for
efficient inhibition of early viral cycle steps postentry but be-
fore virus integration. As expected, AZT and nevirapine were
active when added 14 h before infection and addition at this
time was nearly 85% as efficient as addition of the drug at the

same time as the virus. The inhibitory effect of AZT rapidly
decreased, and only 10% of the activity remained when the
drug was added 5 h after infection. This rapid decrease in
activity is probably due to the obligatory metabolism of AZT in
cells to produce AZT-triphosphate, which is the real RTI.
Nevirapine remained active for a longer period, and it had less
activity when it was added 3 h or more after infection. FZ41
was also active when added before infection and remained
active for at least 5 h (when the drug was added 5 h after
infection, its activity was 58% of that when it was added at the
same time as the virus). This suggests that entry is not the SQL
target. Moreover, when FZ41 was added 24 h after infection, it
did not display any antiviral activity, demonstrating that this
molecule is not active at postintegration steps. This experiment
strongly suggests that SQLs are active on early but postentry
viral life cycle steps (i.e., they may have anti-integrase activity).

SQLs do not interfere with virus entry. To ensure that SQLs
were not entry inhibitors, we analyzed the competition of these
molecules with the GP120/CD4 interaction in vitro. Neither
FZ41 nor KHD161, another member of the SQL family, in-
hibited the GP120/CD4 interaction, even at high concentration
(100 �M) (Fig. 4A). CD4M9, the positive control, was able to
compete for the envelope protein (49). A cell-to-cell fusion
experiment showed that FZ41 did not interfere with the mem-
brane fusion mechanism (Fig. 4B). In fact, neither L-731988
nor FZ41 inhibited cell-to-cell fusion, even at concentrations
as high as 20 times the IC50, whereas RPR103611, a betulinic
acid derivative known to inhibit HIV-1 entry (IC50 � 0.7 �M
[29]), was fully active. Moreover, cell fusion was not inhibited
when the HIV-1 GP120 protein was replaced by a HIV-2
(NDK) envelope protein (not shown).

FIG. 1. Chemical structure of the FZ41 compound.

FIG. 2. SQL derivatives are potent HIV-1 inhibitors that are
weakly cytotoxic. HeLa P4 cells were infected with NL43 in the pres-
ence of increasing drug concentrations. First, �-Gal overproduction
was quantified by CPRG assay (continuous lines); second, cell survival
was measured by MTT assay (dashed lines) 72 h after infection. Tri-
angles, FZ41; squares, L-731988. Curves are the means of at least three
experiments, and results are expressed as percentages of the value for
the untreated infected cells.

FIG. 3. SQLs are active even when added after infection: a time-
of-addition experiment. HeLa P4 cells were infected with NL43. The
drug was added to the cell culture 14 h before the infection; at the
onset of infection; or 2, 3, 5, 10, or 24 h after the onset of infection.
FZ41 (�) was tested, and AZT (E) and nevirapine (ƒ) were used as
controls for inhibition at early replication steps. �-Gal overproduction
was quantified by CPRG assay 72 h after infection. Curves are the
means of at least three experiments, and IC50s were determined as
described in Materials and Methods. The IC50s are expressed as per-
centages of the IC50 when the drug was added at the same time as the
virus.
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Finally, we generated �Env NL43 viruses with three differ-
ent type of envelope to check the effect of the viral entry
pathway on drug activity (Fig. 4C). The VSV-G protein binds
to phosphatidylserine and other negatively charged lipids (34),
leading to an infection by an endocytotic mechanism (1). The
AMLV envelope mediates infection via a membrane fusion
mechanism involving a specific interaction between the enve-
lope protein and the phosphate symporter membrane receptor
Glvr1 (Pit1) (12). The NL43 envelope protein (HIV GP120/
GP41 glycoprotein) induces membrane fusion via a GP120/
CD4-specific interaction (14). Modulation of the viral cellular
infection pathway did not modify drug activity, and IC50s re-
mained near 1 to 2 �M (Fig. 4C).

All these experiments strongly suggest that the cellular tar-
get of SQLs is independent from the viral entry pathway.

SQLs decrease the amount of late cDNA present but neither
entry of genomic RNA nor reverse transcriptase activity at
micromolar concentrations. To determine the target of SQLs,
we quantified the viral nucleic acid species present in the cells
after infection (Fig. 5). To avoid plasmid DNA contamination,
HIV viral stocks were treated with DNase before cell infection.
Three quantitative PCR assays were developed to quantify
entered genomic RNA, total reverse transcribed DNA, and
integrated DNA. For the first assay (Fig. 5A), cells were
treated with the drug and HIV concomitantly. Two hours after
infection, the RNAs were extracted and used as a template for
quantitative RT-PCR amplification. For late-reverse-transcrip-
tion cDNA quantification (Fig. 5B), cells were pretreated with
drugs for 24 h and the infection occurred in the presence of
drugs. Cells were grown in the presence of drugs for 5 h, and
DNA was extracted and subjected to Q-PCR. Finally, the in-
tegrated DNA was quantified by an Alu-LTR PCR assay es-
sentially as previously described (8) (Fig. 5C). Cells were in-
fected in the presence of drugs and then grown in the presence
of drugs for 3 days. DNA was then extracted and subjected to
Q-PCR.

We used dextran sulfate, a polyanion that inhibits the bind-
ing of virions to CD4 cells, as a control for nonspecific entry
inhibition (36). An 8-�g/ml concentration of dextran sulfate
dramatically decreased the amount of viral genomic RNA de-
tected in the cells, whereas 20 �M FZ41 had no effect (Fig.
5A). These results show that SQLs do not inhibit the entry of
genomic RNA into the cells. Neither unspecific entry (Fig. 5A)
nor the specific CD4/GP120 interaction nor the fusion process
(Fig. 4) was inhibited by FZ41.

In contrast, the treatment of infected cells with 25 �M FZ41
led to a decrease of the amount of viral DNA detected com-
pared to untreated or 25 �M L-731988-treated cells (Fig. 5B).
In fact, FZ41 treatment resulted in a 59% decrease at the end
of reverse transcription. Finally, FZ41 treatment reduced the
amount of integrated DNA by 75% compared to that in un-
treated cells (Fig. 5C). Nevertheless, this decrease can be in
part explained by the decreasing amount of late cDNA present
in the cells.

As our results shown a decrease of late cDNA in the pres-
ence of SQLs, we tested the activity of SQLs on recombinant
and endogenous reverse transcriptase polymerization activity
by use of the Quan-T-RT assay system (Amersham Bio-
sciences). This assay is based on the ability of reverse tran-
scriptase to incorporate [3H]dTTP during the extension of an

FIG. 4. SQLs do not affect the entry pathway. (A) CD4/GP120 inter-
action in vitro. A binding competition experiment was performed using
the CD4-mimetic peptide CD4M9 (diamonds) as a positive control. In-
creasing concentrations of SQLs (KHD161 [squares] and FZ41 [trian-
gles]) were tested. (B) Cell-to-cell fusion experiment. HeLa P4 cells were
cocultured with HeLa 243 cells for 48 h in the presence of increasing drug
concentrations. �-Gal was measured by CPRG colorimetric assay. Results
represent the means of three experiments and are expressed as percent-
ages of cell fusion without any treatment. FZ41 (white bars) and L-731988
(gray bars) were used as integrase inhibitors, and RPR103611 (black
bars), a betulinic acid derivative, was used as a positive control. (C) SQL
activity is not affected by the viral envelope. HeLa P4 cells were infected
the NL43 virus carrying the VSV-G (triangles), AMLV (diamonds), or
HIV (squares) envelope in the presence of increasing drug concentra-
tions. �-Gal was quantified by the CPRG assay 72 h after infection.
Curves are the means of at least three experiments, and results are ex-
pressed as percentages of the value obtained for the untreated infected
cells.
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oligo(dT) primer annealed to a poly(rA) template. SQLs
weakly inhibited recombinant and endogenous reverse tran-
scriptase activity (Fig. 6). In fact, the IC50 values of FZ41 were
50 �M when 60 pM recombinant reverse transcriptase was
used in the assay and 60 �M when 40 pM equivalent endoge-
nous reverse transcriptase was used. These results make it
possible to estimate the apparent inhibition constant (Ki) by
the following Cheng-Prusoff equation, Ki � Kd � IC50/(s � Kd),
where Kd is the apparent dissociation constant of recombinant
reverse transcriptase for dTTP and s is the dTTP concentration
(11). As s is negligible (5 nM) compared to Kd (6.6 �M) (47),
Ki is approximately equal to IC50 (50 �M). As the Ki of FZ41
for integrase is 0.5 �M (17), we can assume that the inhibition
of viral particle production in cell cultures is likely due to
drug-integrase interactions and not to reverse transcriptase
protein inhibition.

SQLs are true integrase inhibitors: mutations in the inte-
grase protein lead to SQL resistant viruses. We selected SQL-
resistant strains by passaging the virus in the presence of in-
creasing drug concentrations. The resistant viruses obtained in
the presence of 20 �M FZ41 were sequenced, and the identi-
fied mutations were introduced into the NL43 wild-type strain
by site-directed mutagenesis. We further confirmed the effect
of the mutations by determining the IC50 of FZ41. Two mu-
tants appeared after incubation with 20 �M FZ41. One of
these mutants contained a single mutation (C280Y), and the
other contained a double mutation (V165I V249I). The IC50s
showed that selected mutations conferred resistance to SQLs,
whereas these viruses remained fully sensitive to DKAs (Fig.
7A). The double mutant was the most resistant virus as theFIG. 5. SQLs act after virus entry but before integration. For all

Q-PCR experiments, cells were treated either with 25 �M FZ41 (white
bars) or 25 �M L-731988 (gray bars) inhibitors or not treated (con-
trols; black bars). (A) Quantitative RT-PCR was used to determine the
amount of genomic RNA that entered the cells. Dextran sulfate was
used as a control inhibitor for unspecific virus entry. Cells were treated
with FZ41 or 8 �g of dextran sulfate/ml. (B) Amount of HIV DNA

FIG. 6. SQLs weakly inhibit reverse transcriptase (RT) activity.
Recombinant RT (60 pM; triangles) or 10 �l of virus equivalent to 40
pM RT activity (squares) was used as the RT source in a Quan-T-RT
assay. Relative RT activities (percentages of the activity for untreated
sample) are represented as a function of drug concentration in the
assay. IC50s are indicated at the bottom.

present at the end of reverse transcription (RT), as determined by
R-Gag Q-PCR. (C) Amount of HIV-integrated DNA, as determined
by Alu-LTR Q-PCR.
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IC50 FZ41 for it was nearly ninefold higher than that for the
wild-type strain. The IC50 of FZ41 for the C280Y mutant was
three- to fivefold higher than that for the wild type. In contrast,
the IC50 of the DKA integrase inhibitor was not modified for
either of these two mutants.

To evaluate whether drug-induced mutations in integrase
affect viral fitness, the ability of HIV-1 strains selected in the
presence of FZ41 to replicate in HeLa P4 cells was compared
to that of the parental HIV-1 (NL43) strain in the absence of
drug (Fig. 7B). Replication kinetics of the single (C280Y)
mutant and the double (V165I V249I) mutant, as evaluated by

p24 measurements, were delayed relative to the those of the
replication of the parental HIV-1 (NL43) strain. In fact, 7 days
postinfection, only 68 and 5% of wild-type levels of p24 re-
leased for the C280Y and V165I V249I mutants, respectively,
could be detected.

SQLs are active against HIV-1 strains that are resistant to
other antiviral compounds. We tested the activity of SQLs
against HIV strains that are resistant to RTIs or DKAs. Three
virus strains were used as controls for their resistance to RTIs
(Fig. 8A and B). These viruses harbored mutations in the
reverse transcriptase gene (Fig. 8A). Several of these muta-
tions are specifically associated with the resistance to AZT
(M41L, D67N, K70N, L210W, R211K, T215F/Y, and K249Q),
lamivudine (3TC) (G190A and R211K), nevirapine (K103N,
Y181C, and G190A), or efavirenz (K103N and Y181C) or to
combinations of RTIs (for a review, see reference 13). BA26
and BA85 strains harbor mutations conferring resistance to
nucleosidic and nonnucleosidic RTIs; BA83 mutations are as-
sociated only with resistance to AZT and 3TC. Three other
viruses were mutated in the integrase gene to obtain DKA-
resistant strains as described previously (27) (Fig. 8C). We
genetically engineered the single-mutant T66I strain and the
double-mutant T66I M154I and T66I S153Y strains by site-
directed mutagenesis.

As expected, the relative IC50 varied considerably when the
drug was an RTI for NA26, NA85, and NA83 strains (Fig. 8B)
or L-731988 for integrase mutant strains (Fig. 8C). This dem-
onstrates that the mutants were resistant to inhibitors. In fact,
treatment with AZT and 3TC was 1,000-, 10-, and 5-fold less
active for BA26, BA85, and BA83, respectively, than for the
NL43 strain (Fig. 8B). Nonnucleoside inhibitors were fully
active only against the BA83 strain. For BA26 and BA85, the
resistance factor was near or greater than 100.

DKA-resistant integrase mutants were treated with the
L-731988 DKA inhibitor. As expected, T66I, T66I M154I, and
T66I S153Y mutants were 8- to 25-fold less sensitive to DKAs
(Fig. 8C). These results are in agreement with previously re-
ported data (27).

In contrast, the relative IC50s, compared with the those for
the wild-type NL43 strain, for any mutant strains did not vary
when FZ41 was used as an inhibitor. This experiment demon-
strates that SQL activity is not impaired by mutations that
confer resistance to RTIs or DKAs.

DISCUSSION

To date, only DKA derivatives have been shown to be true
integrase inhibitors. These compounds specifically inhibit
strand transfer and target the preintegration complex in vivo.
Consequently, they are integration inhibitors only and do not
interfere with any other viral replication steps (27).

SQLs have been reported to be integrase inhibitors in vitro.
It was proposed that in vitro these molecules interfere with
integrase DNA binding (17). In fact, these compounds strongly
inhibit 3� processing and also the strand transfer step, even if
the inhibition of the second reaction is not as efficient as
inhibition of the first one.

Many molecules that inhibit integrase in vitro failed to do so
in vivo. For example, chicoric acid derivatives inhibit entry
(40). Consequently, we focused on the potential interference

FIG. 7. Mutations in the integrase confer resistance to SQLs.
(A) Drug efficacy on mutant viruses. The integrase-containing PCR
fragments of resistant viruses were sequenced. Detected mutations
were then introduced into the wild-type NL43 virus by site-directed
mutagenesis. Infected cells were treated with FZ41 (black bars) or
L-731988 (white bars), and the IC50s were determined. Results are the
means of four independent experiments. (B) Fitness of mutant viruses.
HeLa P4 cells were infected with 5 ng of p24 of wild-type (solid
circles), C280Y (open circles and solid lines) or V156I V249I (open
circles and dashed lines) HIV strains. The p24 release was monitored
by ELISA from day 3 to 7 postinfection.
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of SQLs with virus entry. SQLs remained active when added
after virus infection, indicating that they act after this step.
Furthermore, SQLs did not inhibit cell-to-cell fusion at con-
centrations as high as 20 times the IC50 and did not compete
with the GP120/CD4 interaction in vitro. Moreover, the
pseudotype of the retrovirus envelope did not affect drug ac-

tivity. These data strongly suggest that SQLs do not interfere
with the specific entry pathway. Finally, quantitative RT-PCR
experiments demonstrated that SQLs do not inhibit the entry
of the genomic RNA.

To determine the step that was targeted by SQLs, we quan-
tified HIV-1 cDNA species present in the cells. We observed

FIG. 8. SQLs are active against various HIV-resistant viruses. (A) Mutations in the reverse transcriptase (RT) gene of the three RTI-resistant
strains are indicated with respect to RT amino acid numbers. Mutations that are specifically associated with the resistance to AZT, 3TC,
nevirapine, or efavirenz are labeled i, ii, iii, and iv, respectively. (B) FZ41 (first bar from the left in each group) was tested on RTI-resistant HIV-1
strains. AZT (second bar) and 3TC (third bar) were used as nucleic RTIs; efavirenz (fourth bar) and nevirapine (fifth bar) were used as
nonnucleoside RTIs. (C) FZ41 (white bars) and L-731988 (black bars) were tested against genetically engineered DKA-resistant strains. IC50s were
determined as described in Materials and Methods.
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that the amount of late cDNA was reduced following the
treatment of HIV-1-infected cells with SQLs. In contrast, we
did not detect any accumulation of the circular HIV DNA after
SQL treatment (not shown), indicating that SQLs are most
efficient at steps prior to the nuclear PIC translocation. As
micromolar concentrations of SQLs did not inhibit RT activity
in vitro, we hypothesize that the decrease of the late cDNA
amount is not due to a direct interaction between SQLs and
reverse transcriptase. Instead, the inhibition of late cDNA
accumulation could be related to a modification of PIC activ-
ity. For example, the inability of the integrase to bind to the
DNA could destabilize the PIC during or at the end of the RT
step and consequently could inhibit DNA synthesis. This hy-
pothesis is reinforced by results for all the integrase mutants
previously described, in which a point mutation dramatically
reduced the full RT activity (31) and particularly by that in
mutants such as the H16V mutant for which in vitro reverse
transcriptase activity is not modified despite its inability to
synthesize cDNA ex vivo (44, 48, 50).

This hypothesis is reinforced by the fact that SQLs generate
resistance mutations in the integrase gene, suggesting that
SQLs directly target the integrase. Moreover, SQL-resistant
viruses mutated in the integrase gene have been found less fit
than the wild type in the absence of drug. Such a loss of viral
fitness has been associated with mutations that confer a repli-
cative advantage in the presence of drug (18, 32). Indeed, these
mutations could not be due to hazardous replicative error-
prone selection but must be related to the selection pressure of
SQLs. The replicative kinetics seem to be directly related to
the resistance rate for the two mutant viruses. In fact, the
double V165I V249I mutant replicated slowly but is more
resistant than the single C280Y mutant. Interestingly, the sin-
gle mutant that harbors the C280Y mutation was impaired in
its replicative kinetics whereas the C280S mutant has been
shown to replicate similarly to the wild-type strain (3). This
result highlights the fact that the C280Y resistant virus is prob-
ably not only impaired for disulfide bridge formation. The local
conformation of integrase in the vicinity of the C280 residue
could be important for viral replication.

It is possible that SQLs target the RNase H activity, given
structural similarities between integrase and the RNase H do-
main of the RT. However, mutations that appeared in the
integrase gene after incubation in various concentrations of
SQL (that totally abolished wild-type viral replication) led to
resistant viruses. The relative IC50s for the single mutant
(C280Y) and double (V165I V249I) mutant were five and nine
times higher than that of the wild type, respectively. As the
C280S mutant was not resistant to SQLs (not shown), the
C280Y resistance should not be due to disulfide bridge break-
ing but more likely is due to a specific integrase conformation
that reduces the affinity of SQLs for the integrase. Recent data
highlight the importance of the C280 residue for the interac-
tion between drugs and integrase (33). The authors showed
that the C280S mutation, in combination with F185K, led to
resistance for some DKA derivatives. In the double mutant,
one mutation affected the valine 165 of the integrase; it has
been proposed that this amino acid participates in the nuclear
translocation of the integrase (19). Thus SQLs may not act only
on reverse transcription; they may also target integrase nuclear
translocation. These mutations did not modify the DKA activ-

ity, reinforcing the idea that SQLs and DKAs are two distinct
classes of true anti-integrases.

Recently, Pannecouque and coworkers described a new class
of anti-integrase molecules (PDPs) that inhibit HIV replica-
tion via integration and probably reverse transcription target-
ing (39). These compounds are more active against 3� process-
ing activity than against the strand transfer reaction (i.e., V165,
the most active compound, exhibited an IC50 of 0.90 �M for
the 3� processing reaction and 16.1 �M for strand transfer) and
seem to inhibit the integrase DNA binding in vitro in the same
manner as SQLs. For example, these compounds were unable
to inhibit the 3� processing activity of a preformed integrase-
DNA complex. Interestingly, Q-PCR experiments showed that
HIV DNA could be destroyed after or during reverse tran-
scription. For example, 20 h postinfection, no late cDNA, no
circular DNA accumulation, and no integrated DNA were
seen. Although the selection of PDP-resistant strains has been
unsuccessful, the results obtained by Pannecouque and co-
workers are in good agreement with the mode of action of
SQLs: targeting integrase can act on steps prior to integration.

Finally, as SQLs are active against various resistant strains,
including integrase-mutated DKA-resistant viruses, these com-
pounds represent a new class of antiretroviral compounds that
could be used as a complementary means of therapy.
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